Abstract A bottom curtain weir (BCW) is a hydraulic structure that acts as a barrier to the flow and diffusion of heat across the width of a water body. Algal blooms occur frequently in the largest tributary of Xiangxi Bay (XXB) of the Three Gorges Reservoir (TGR). A laterally averaged two-dimensional hydrodynamic and water quality model was used to simulate BCWs, including water temperature, hydrodynamics and chlorophyll-a concentrations, for XXB. The numerical models show that BCWs are a much more attractive, much less expensive and time-saving algal bloom controlling technique for subtropical reservoirs. The developed model was calibrated using data collected in XXB from January to December 2010. The maximum chlorophyll-a concentrations observed were 125-154 mg/m 3 according to sampling sites such as XX09, XX06 and XX01. Overall chlorophyll-a concentrations were markedly reduced by 4-44% as a function of BCWs height and location. A seasonal algal bloom reduction rate of more than 37% was observed in summer. In some periods, such as May 27-31, June 2-4, June 16-18, August 16-18 and August 23-24, BCWs with heights of 3 m, 5 m and 7 m reduced algal blooms by up to 99% at XX09 and XX06 in XXB. Therefore, the proposed BCWs can reduce algal blooms and improve water quality to save domestic water and aquatic ecosystems in XXB of TGR.
Introduction
Density currents occur frequently over the year in XXB of the Three Gorges Reservoir (TGR). A bottom curtain weir (BCW) is a hydraulic structure built across a river, channel or reservoir to divert flow [1, 2, 3] . Flow velocities in XXB have decreased dramatically since impoundment (2003) [2] . Algal blooms occur frequently in many tributaries, including XXB [2, 4] . The economic benefits of TGR are contrasted with the negative impact on the aquatic environment, XXB is affected by density currents from upstream inflow, which is separated into overflow over the surface (warm water float) and underflow at the bottom (cold water underneath) [2] . Simultaneously intrusive density currents are entering XXB from the mainstream Yangtze River (YR) of TGR along the surface, middle and bottom as overflow, interflow and underflow [1, 2, 3] . Density currents influence algal blooms, as these currents transport nutrients and trace elements [2, 5, 6, 7, 8] .
There are a variety of conventional algal bloom control methods [9, 10] . Some of these methods are not suitable for reservoir operation due to domestic consumption. Floating curtain weirs have been used to control algal blooms in reservoirs such as the Terauchi Dam Reservoir in Japan, Daceheong Reservoir in Korea, and So-oak River in Korea [9, [11] [12] [13] [14] . We previously studied floating curtain weirs (FCWs) for controlling algal blooms in XXB subtropical reservoir. FCWs divert overflow density currents, whereas internal curtain weirs (ICWs) affect interflow and control algal blooms easily without changing underflow. The algal blooms reduction rate may vary if underflows are interrupted by the application of BCWs in XXB.
Numerous investigations of algal blooms have been conducted for XXB, but previous studies have only partially discussed the exact reason and how to control algal blooms and the occurrence of bottom density currents. Given the deficiency of research on algal blooms and the occurrence of bottom density currents in XXB, we assessed a novel BCW method to divert bottom density currents and control algal blooms in XXB. BCWs have been used to control algal blooms in XXB through the CE-QUAL-W2 model. Here, we show the effects of BCWs in controlling algal blooms in the XXB subtropical reservoir. A BCW is an interior barrier that diverts the underflow density currents and diffusion of heat under the bottom of the water body. BCWs were installed at three different locations, upstream, midstream and downstream, corresponding to XX09, XX06 and XX01 of XXB and heights of 3 m, 5 m and 7 m, respectively. A laterally averaged two-dimensional hydrodynamic and water quality model (CE-QUAL-W2) was used to simulate the BCW including water temperature, hydrodynamics and chlorophyll-a concentrations for XXB. The CE-QUAL-W2 model was calibrated using data collected in XXB from January to December 2010. The effects of the BCWs on hydrodynamics, water temperature, and algal blooms in the XXB subtropical reservoir were assessed. Numerical modeling of algal bloom control by BCWs is an attractive, less expensive and time-saving technique. Upstream cold inflow submerged to the bottom as an underflow simultaneously with intrusion of turbid intrusive underflow into the XXB from the mainstream Yangtze River of TGR [1, 2, 15] . Bottom slope density currents were significantly interrupted due to the effect of the BCWs. The upstream and midstream downslope bottom density currents were blocked by the BCWs simultaneously, and the mainstream YR intrusion water was barricaded by the downstream BCWs.
The objective of this paper was to control algal blooms in XXB of TGR by the application of BCWs through CE-QUAL-W2. We focused on the effects of the BCWs on hydrodynamics, thermal structure and chlorophyll-a concentration in XXB. The performance of the BCWs was evaluating based on the reduction of chlorophyll-a predicted by the model, termed the BCWs efficiency.
Materials and Methods

Study Area
XXB is located (from 110°25′E to 111°06″E and from 30°57′N to 31°34′N) at the lower reach of TGR and the middle reach of the YR in Hubei Province, China (Figure 1a) . XXB is the largest tributary of the TGR. Downstream of XXB connects with the mainstream YR. Large amounts of dense currents intrude into XXB at different water levels (Figure 1(c) ) [2] .
Incorporation of Bottom Curtain Weirs with the CE-QUAL-W2 Model for XXB
CE-QUAL-W2 is a 2D hydrodynamic and water quality model [16, 17] . The model grid discretizes a waterbody into computational cells whose locations are defined by their segment [I] and layer number [K], i.e., cell (K, I) in Figure 1 (b). The BCWs were set at specified cell locations such as segment and layer number. The BCWs were always in the reservoir bottom during the simulation period (Figure 1(c) ). BCWs were on the downstream side of a segment. Here, BCWs are set at the bottom of the reservoir with heights of 3 m, 5 m and 7 m respectively at XX09, XX06 and XX01, respectively (Figure 1(b) ). All meteorological data were obtained from a hydrological station at Xingshan shown in Figure 1 
Bottom Curtain Weirs Mechanism
BCWs were installed at three different sites in XXB, XX09, XX06 and XX01 with corresponding heights of 3 m, 5 m and 7 m respectively as shown in Figure 1 (c) . The BCWs effectively act as a barrier to flow and diffusion of heat across the width of the water body [9, 18] . Inflow forms plunge flow before the BCWs and later travels as an underflow over the BCWs (Figure 1(c) ). In addition, the mixing depth exceeds the critical depth [19] . When inflow or intrusive flow passes over the BCWs as underflow, mutual forces are exerted between the underflow and BCWs [20, 21] . The underflow exerts forces on the BCWs [22, 23, 24] , and simultaneously BCWs must exert an equal and opposite force on the underflow or ambient water. As a result, eddies will be formed, which produce heat and have other effects on the thermal structure at XXB.
Results
Effect of Bottom Curtain Weirs on Hydrodynamics in XXB
BCWs were installed at heights of 3 m, 5 m and 7 m at three parts of XXB, i.e., upstream, midstream and downstream corresponding to XX09, XX06 and XX01, respectively ( Figure 2 ). The effects of the BCWs altered velocities significantly, as shown in Figure 2 [2] . The BCWs enhanced the stirring of ambient water and increased the mixing depth along the water column in XXB as shown in the different scenarios in Figure 2 . The underflows were susceptible to interaction with the BCWs and diverted their propagation path. The BCWs generated local turbulence that affected hydrodynamic properties such as velocities, inflow (from upstream) and intrusive flows (from mainstream YR), shear stress, buoyancy forces and acceleration due to gravity. The BCWs enhanced vertical mixing because density differences throughout the water column weaken vertical mixing. On the one hand, the BCWs obstructed underflow, but on the other hand, thermal stratifications broke in XXB as illustrated in Figure 2 . The effects of BCWs, which can be employed for destratification, recirculation and artificial mixing, in XXB water are shown in 
Effects of Bottom Curtain Weirs on Temperature in XXB
Density currents move under the influence of density differences among the three strata, i.e., epilimnion, metalimnion and hypolimnion and thermal stratification occurs in XXB. Thermal stratification is caused by density currents, which are effectively controlled by the BCWs in XXB. Normally, the onset of stratification occurs in early spring, and a thermocline exists in XXB. The most stable stratification conditions exist during the summer, when XXB exhibits large thermal gradients. As a result, the water quality of XXB may decrease because of algal blooms. The temporal effect of BCWs on temperature in XXB are shown in Figure 3 .The thermal structure was broken due to the effect of the BCWs. Normally, temperatures increased around the BCWs because of the physical interaction between the BCWs and the density currents. In other cases, the temperatures decreased due to cold inflows from upstream and as an underflows and bottom intrusive flows from the mainstream YR in TGR as shown in Figure 3 Figure 3 . Due to the effects of the BCWs of different heights, seasonally temperatures decreased in spring to autumn upstream of XXB, as shown in Figure 3 . The BCWs were produced distinct destratification throughout the whole simulation periods. As a result, the thermal structure was destroyed, and algal blooms occurred at much greater depths in XXB. When density currents entered from YR to XXB through hypolimnion strata as underflows, all of density currents were interrupted by the BCWs with heights of 3 m, 5 m and 7 m. 
Effects of BCWs on Chlorophyll-a Concentration in XXB
The temporal effects of the BCWs on chlorophyll-a concentrations in XXB are shown in Figure 4 . The chlorophyll-a concentrations reduction rates varied spatially and temporally. Time series of the simulated chlorophyll-a concentrations with no BCWs and BCWs with heights 3 m, 5 m and 7 m are shown in Figure 4 , including chlorophyll-a concentrations differences (CDf) between no BCWs and BCWs. The chlorophyll-a concentrations were significantly reduced due to the effect of segment 9, 25 and 58 BCWs corresponding to XX09, XX06 and XX01, respectively. The upstream BCWs were more effective than the midstream and downstream BCWs. In summer (June, July and August), the inflow is cooler and submerges to the bottom, whereas warm water floats on the surface and creates a density difference between the epilimnion and hypolimnion strata. In addition, the upstream water level is shallower, and the inflow intensity is stronger, as a result, the inflow is more interrupted by the BCWs with heights of 3 m, 5 m and 7 m. Moreover, thermal stratification is broken due to the effects of the BCWs with heights of 3 m, 5 m and 7 m, as are the algal blooms underneath. Chlorophyll-a concentrations decreased dramatically at XX06 due to the effects of the BCWs. In the midstream, the 7 m and 5 m BCWs are more effective than the 3 m BCWs because the water level is relatively higher than it is upstream (Figure 4) .
The efficiency of the BCWs is lower at XX01 than at XX06 and XX09 because of the deep water downstream. As a result, BCWs with heights of 3-7 m are not effective enough at XX01 of XXB. Algal bloom reductions of greater than 30% were observed based on chlorophyll-a concentrations for no BCWs and BCWs. In the winter season (December, January and February), the observed chlorophyll-a concentrations were below 30%, as a result, the winter season was not considered. Chlorophyll-a concentrations in XXB of more than 30% were observed in spring (March, April and May), summer (June, July and August) and autumn (September, October and November) (Figure 4 ). CDfs were indicated by the broken line between no BCWs and BCWs as shown in Figure 4 . CDf increased at XX09 and XX06 but decreased at XX01, as illustrated in Figure 4 . The CDf is proportional to BCW performance. As CDf is increased, the BCW performance increases. The CDf between no BCWs and BCWs decreased significantly at XX01; as a result, chlorophyll-a concentration reduction rate was very low. In addition, the downstream intrusive density currents were thicker than those upstream; as a result, the performance of the 3 to 7 m BCWs was not significant. The chlorophyll-a concentrations reduction rates were lower in some scenarios because of storm inflow from upstream. Most of the inflow was blocked by the BCWs within a short time, and chlorophyll-a accumulated near the BCW area. At the midstream sampling site XX06, high chlorophyll-a concentrations of approximately 154 mg/m 
Effectiveness of Bottom Curtain Weirs (BCWs)
BCWs Efficiency
The effectiveness of the BCWs was determined by using the normalized curtain efficiency ( ) which is defined in equation (1) 
The efficiency of the BCWs varied at the different locations such as XX09, XX06 and XX01 in XXB of TGR ( Table 1) . The model also predicted overall BCW efficiency of 44%, 28% and 4% at XX09, XX06 and XX01, respectively, as shown in Figure 4 and Table 1 . Seasonal algal bloom reduction rates of more than 37%, 26% and 13% were observed in summer, autumn and spring respectively, in 2010 as shown in Figure 4 and Table 1 . The BCW performance was more than 33%, 27% and 16% for heights of 3 m, 7 m and 5 m respectively (Table 1 ). In winter, algal blooms occurred in XXB no less than 30% of days, and thus winter was not considered in this research.
Discussion
Effect of BCWs on Hydrodynamics in XXB of TGR
The proposed BCWs were simulated using a two-dimensional, laterally averaged, hydrodynamic model based on CE-QUAL-W2. The CE-QUAL-W2 model is appropriate for XXB of TGR [2] . BCWs have been used with the CE-QUAL-W2 model to control algal blooms in reservoirs such as the Daecheong Dam Reservoir, in Korea, and Terauchi Dam Reservoir, in Japan [9] [10] [11] [12] 14, 25] . BCWs were installed at three different sites, i.e., upstream, midstream and downstream, corresponding to XX09, XX06 and XX01, respectively, in XXB. The water level was shallower at the upstream site compared with midstream and downstream. Most of the underflow was interrupted by the BCWs with heights of 3 m, 5 m and 7 m; as a result, the chlorophyll-a concentrations reduction rate increased upstream in XXB (Figure 2 ). Inflowing cooler water resulted in density differences and underflow, which were interrupted by the BCWs with heights of 3 m, 5 m and 7 m. The algal blooms filtered upstream to the immediate downstream of the reservoir ( Figure 4) . As a result, the chlorophyll-a reduction rates were higher in segment 9 than in segments 25 and 58 (Table 1) . Bottom intrusion also occurred in XXB as an underflow from the mainstream YR of TGR. All of these underflow were interrupted by the BCWs of different heights, but all the deeper water levels downstream, the performance of the BCWs with heights of 3 m to 7 m were lower compared with the performances upstream and midstream. The BCWs with different heights obstructed underflow density currents at different locations in XXB. Due to the effects of the BCWs, large amounts of kinetic energy were produced continuously through the whole process and as a result, the hypolimnion strata temperatures fluctuated. The BCWs enhanced eddy diffusivity at XX09, XX06 and XX01 of XXB. Eddy diffusivity is a bidirectional process with continuous transportation. Temperature fluctuations are occurred due to the effect of the BCWs. Thermal stratification is responsible for density differences in XXB [1, 2, 4] . In XXB, the metalimnion strata is very thin, and epilimnion algal blooms are transported very quickly to the hypolimnion due to the effect of the BCWs. Inflow density currents pass as an underflow over the BCWs; as a result, mutual forces are exerted between the underflows and BCWs. The underflow exerted a force on the BCWs, and simultaneously the BCWs must exert an equal and opposite force on the underflow and ambient water around the BCWs. Thermal stratification occurs naturally from the onset of spring to autumn turnover in XXB [2] . After installation of the BCWs, the simulation results showed that the stratification patterns changed and that destratification occurred in XXB. The destratification was well-developed on June 20, 2010.
Effects of BCWs on Water Quality of XXB of TGR
In this study, BCWs were used to control algal blooms in XXB through the CE-QUAL-W2 model. In previous study, floating curtain weirs were used to control algal blooms in different reservoirs [9] [10] [11] 14, 25] . Simulation results indicated that the algal blooms reduction efficiency of the BCWs was more than 44%, 28% and 4% upstream, midstream and downstream, corresponding to XX09, XX06 and XX01, respectively as shown in Figure 4 and Table 1 . The observed effectiveness of the BCWs was 13 to 37% in spring, summer and autumn, with a maximum efficiency of approximately 57% in summer, as shown in Figure 4 and Table 1 . The activity of the BCWs persisted longer upstream and midstream, corresponding to XX09 and XX06, than downstream at XX01, with values of 61-43% (Table 1 ). The interruption of upstream interflow by the BCWs was greater than that of the downstream underflow. As a result, the efficiency of the BCWs was lower downstream than upstream. The effectiveness of the BCWs increased at segments 9 and 25 corresponding to XX09 and XX06 instead of segment 58 corresponding to XX01 in spring, summer and autumn. During May 27-31, June 1-4, June 16-18, July 18, July 22, August 16-18 and August 23-24, the 3 m, 5 m and 7 m BCW reduced algal blooms by up to 99% at XX09 and XX06 of XXB. Density currents enter from upstream and downstream over the surface, middle and bottom as overflow, interflow and underflow. The BCWs interrupted all of these density currents and controlled algal blooms in XXB. Lon-term field monitoring data recorded that algal blooms occur more in the spring, summer and autumn in XXB [1, 2, 15] . Algal blooms can occur rapidly within a couple of days when the reservoir is characterized by abundant resources such as nutrients, a sufficient water temperature, available solar radiations, and a lack of perturbation or disturbances. According to the Intermediate Disturbances Hypothesis (IDH) algal blooms occur more with intermediate disturbances [26, 27] . Algal blooms rapidly increase with the ratio of euphotic depth to mixing depth during the spring and summer. If the value of the ratio decreases because the mixing depth rapidly increases and exceeds the euphotic depth, algal blooms disappear rapidly because they become mixed much deeper according to the critical depth theory [19] . The performance of the BCWs should destroy the thermal stratification and rapidly increase the mixing depth to exceed the euphotic depth and move the algal blooms underneath.
Conclusions
The installation of BCWs upstream, midstream and downstream in a subtropical reservoir of XXB in China, corresponding to sites XX09, XX06 and XX01, respectively, was proposed for the control algal blooms. A laterally averaged two-dimensional hydrodynamic and water quality model (CE-QUAL-W2) was used to simulate hydrodynamics, temperature and chlorophyll-a concentration using data collected in XXB from January to December 2010. Underflow density currents are the environmental issue that influences algal bloom all year round in XXB. Underflow density currents transport nutrients, solids and other substances both sides upstream and downstream and stores these materials in the midstream of XXB. Algal blooms occur severely in the midstream simultaneously upstream and downstream of XXB. Maximum chlorophyll-a concentration of 154 mg/m 3 were observed in the scenario with no BCWs at XX09 and XX06. The performance of the BCWs suggests that overall chlorophyll-a concentrations were markedly reduced by 4-44% as a function of BCW height and location. Seasonal algal bloom reduction rates of more than 37%, 26% and 13% were observed in summer, autumn and spring respectively. During May 27-31, June 2-4, June 16-18, August 16-18 and August 23-24, the 3 m, 5 m and 7 m BCWs reduced algal blooms by up to 99% at XX09 and XX06 of XXB. When density currents enter from upstream and downstream over the surface, middle and bottom as overflow, interflow and underflow, all of these density currents are blocked by the BCWs. The BCW performance according to height was more than 33%, 27% and 16% for 3 m, 7 m and 5 m respectively. The BCWs were used to control algal blooms in XXB of the subtropical reservoir of China through the CE-QUAL-W2 model. Numerical models of BCWs are much more attractive, much less expensive and time saving for controlling algal blooms in subtropical reservoirs.
